One sentence summary: Glutathione metabolism has an impact on zinc homeostasis via the biosynthesis of phytochelatins, which can sequester zinc in the vacuole of yeast cells.
INTRODUCTION
Glutathione is one of the most prominent redox buffering agents making up for about 0.1%-1% of the dry weight of wild-type yeast cells (Li, Wei and Chen 2004) . Metal ions play an important role both as redox cofactors and structural components of protein. Zinc is an essential non-redox active metal ion, which is estimated to be necessary for the function of nearly 3% of the Saccharomyces cerevisiae proteome (Eide 2003) . It serves as a catalytic and structural cofactor for hundreds of different proteins. For example, it is required for the activity of Cu/Zn superoxide dismutase and as an essential structural component of zinc finger proteins, which play important roles in transcriptional regulation (North et al. 2012) .
The zinc concentration in the cytoplasm is kept in a narrow range of 0.1 and 0.5 mM (Eide 2006; Pagani et al. 2007) to ensure the proper function of zinc-dependent proteins and to avoid toxic effects when the concentration increases above 0.5 mM. For example, by replacing other metal ions in the active sites of enzymes, zinc can impair their function (Waldron et al. 2009 ). Main detoxification systems include vacuolar sequestration and the chelation of zinc to specific proteins such as metallothioneins or phytochelatins (PCs), which are high-affinity ligands (Maret 2004; Pagani et al. 2007; Wysocki and Tamás 2010; Aras and Aizenman 2011) .
Zap1p is the main regulator in response to zinc deficiency in S. cerevisiae (Eide 2009 ). Under zinc-limiting conditions, Zap1p regulates the expression of over 80 genes and upregulates its own expression. In addition, Zap1p upregulates the two main zinc uptake transporter genes ZRT1 and ZRT2. Zrt1p has a high affinity for zinc and is active only under zinc limitation. Zrt2p has a lower affinity for zinc and is also active in zinc-replete cells (Zhao and Eide 1997) . Zap1p also regulates the expression of ZRT3 and ZRC1, which encode zinc transporters involved in controlling the vacuolar zinc storage (Eide 2009 ).
In addition to maintaining zinc homeostasis, Zap1p regulates the expression of genes that play a role in adaptive responses such as phospholipid synthesis, sulfate assimilation, protein homeostasis and oxidative stress tolerance (Eide 2009 ). Zinc deficiency leads to increased oxidative stress (Wu, Steffen and Eide 2009; Eide 2011) . Interestingly, it has been shown that in mammalian cells, zinc deficiency leads to a depletion of glutathione (Oteiza 2012; Omata et al. 2013) . This is in contrast to what happens in yeast. Wu et al. (2007) indicated that zinc depletion leads to an increased glutathione level in yeast cells. In mammalian cells, the observed glutathione depletion caused by decreased zinc availability is associated with a decreased expression of the glutathione biosynthetic enzyme gamma-glutamylcysteine synthetase (GCL). The decreased GCL expression, in turn, is explained by the dependency of the transcription factor Nrf2 on zinc (Oteiza 2012) . In yeast, glutathione and zinc metabolism are connected: the transcriptional activator Yap1 is known to be necessary for growth under low zinc conditions (North et al. 2012) . Furthermore, Yap1 positively regulates the transcription of GSH1 and GSH2 in response to oxidative stress (Sugiyama, Izawa and Inoue 2000) and overexpression of Yap1 leads to glutathione accumulation via transcriptional activation of GSH1, GSH2, CYS3 and CYS4 (Orumets et al. 2012) . In this work, we set out to investigate the impact of glutathione and its derivative PC on the zinc homeostasis in S. cerevisiae.
MATERIALS AND METHODS

Yeast strains
Strains used in this work were the diploid Saccharomyces cerevisiae wild-type strain A4 and its glutathione-overproducing derivative A4.19 and A4.19.13 (Patzschke et al. 2015) and a ZAP1 deletion mutant A4 ZAP1 was constructed in strain A4 (see below). Furthermore, the derivatives of the S. cerevisiae reference genome strain S288C, namely strain BY4741 (ATCC 201 388) (Brachmann et al. 1998 ) and the respective ZAP1 deletion (Winzeler et al. 1999) were used. The ZAP1 deletion mutant A4 ZAP1 (zap1::KanMX zap1::Hph) was generated by transforming consecutively the zap1::KanMX and the zap1::Hph replacement cassettes into the diploid strain A4. Both cassettes carried 500 base pairs of homology to the chromosome flanking ZAP1. Correct deletion of ZAP1 was verified by PCR. 
Growth media
Growth conditions
All cultivations were carried out in shake flasks at 30
• C and 220
rpm. The cultures were inoculated with an initial OD 600 of 0.05. Cell growth was monitored by determining the optical density at 600 nm and the cell dry weight (CDW). Two milliliters of culture were taken and washed once with 0.1 M HCl. The pellets were transferred to weighted glass tubes and dried at 105
• C for 48 h.
Each sample was analyzed in duplicate.
Determination of total glutathione content and PC
Five milliliters of culture broth were harvested by centrifugation and subsequently washed once with one volume of 0.9% (w/v) NaCl. For cell lysis, the cells were resuspended in 0.1 M H 3 PO 4 and incubated for 3 min at 75
• C. Subsequently the samples were cooled down, centrifuged and the supernatant used for the detection of glutathione and phytochelatin 2 (PC 2 ). Glutathione was detected by HPLC analysis. Separation was achieved on an Ascentis Express RP-Amide column (150 mm × 3.0 mm; 2.7 μm; Supelco analytical, Bellefonte, PA, USA) equipped with guard column. The column was operated at 25
• C, 0.4 mL/min flow rate and 25 mM NaH 2 PO 4 , pH = 3 (H 3 PO 4 ) as mobile phase. Total glutathione was detected at 200 nm, as a sum parameter of reduced form (GSH) and oxidized form (GSSG) with a photodiode array detector (SPD-M20A, Shimadzu). Quantification was achieved with pure standards of oxidized and reduced glutathione (Sigma-Aldrich, St. Louis, MO, USA). Quantification of PC 2 was performed on an LC-MS/MS platform (Thermo Scientific CTC PAL autosampler, Accela 1250 pump, TSQ Vantage MS/MS) using an external calibration approach with a highpurity standard of PC 2 (Anaspec Inc., San Jose, CA, USA). The method used a reversed-phase gradient separation performed on an Atlantis T3 analytical column (150 × 2.1 mm, 3 μm particle size, 100Å pore size) equipped with an Atlantis T3 guard column (20 × 2.1 mm, 3 μm particle size) from Waters (Milford, USA). A column temperature of 40 • C and an injection volume of 10 μL were employed. Solvent A was 0.01% formic acid and solvent B was 100% acetonitrile with a mobile phase gradient of 0-95% (v/v) B applied between 2 and 15 min at a flow rate of 200 μL min −1 . The MS settings were optimized for sensitive determination of PC 2 . A capillary temperature of 300 • C, spray voltage of 3000 V, sheath gas pressure of 40 psig, auxiliary gas pressure of 15 psig and a vaporizer temperature of 200 • C were used. The selective mass transitions used were 540→233 (30 V collision energy) and 540→76 (27 V collision energy). 
Measurement of intracellular free zinc concentration
Determination of total cellular zinc levels
Yeast cells were grown in 2 L shake flasks containing 200 mL of WMVIII medium and 200 mL of zinc-limited WMVIII medium at 30
• C and 220 rpm. Approximately 5 mL cells were harvested in the exponential growth phase and subsequently centrifuged at 3500 g and 4
• C for 10 min. Cell pellets (of ∼20 mg CDW) were washed twice with 10 mL distilled water, once with 10 mL 2% (v/v) subboiled HNO 3 and frozen at -20
Microwave-assisted nitric acid digestions of the samples were performed in a closed Teflon R -PFA vessel microwave unit (Multiwave 3000, Anton Paar GmbH, A-8054 Graz, Austria) with 3 mL ultra-clean HNO 3 . Subsequently, 1 mL of H 2 O 2 was added. The digestion procedure was performed by a power-controlled temperature program (30 min, max. 1350 W, max. temperature 210 • C, max. pressure 40 × 10 5 Pa). After cooling to room temperature, the digests were filled up to 10 mL with ultra-pure H 2 O. An Element 2 High Resolution ICP-SFMS (ThermoFisher, Bremen, Germany) was used for the quantification of the elements. The interface consisted of a PFA-ST nebulizer (Elemental Scientific Inc., ESI, Omaha, NE, USA), a cooled cyclonic glass spray chamber operated at 4
• C (PC3, ESI), a 2-mm sapphire injector, a Ni sampler and Al skimmer cone. Tuning parameters were optimized daily to obtain a sensitivity of ∼2500 000 cps in selfaspiration mode (=90 μL min -1 ) for a solution containing 1 μg 
RESULTS AND DISCUSSION
Low zinc conditions lead to increased glutathione levels in baker's yeast
In the past, several studies have demonstrated that zinc and glutathione metabolism are connected. However, the observed effects under zinc-limited conditions in different organisms are sometimes contradictory. For neuronal cells, it is known that zinc deficiency is linked with an increase in oxidative stress and, consequently, Omata et al. (2013) showed that a decreasing zinc supply in mammalian cells causes glutathione depletion (rat brain and in neuronal cells). One reason for this phenotype is an incapacity of the cell to upregulate the glutathione biosynthesis pathway due to an impaired activation of the transcription factor Nrf2 (Omata et al. 2013) . A different phenotype is observed in baker's yeast: a decreasing zinc supply leads to increasing glutathione levels (Wu et al. 2007) . Also in this case, zinc deficiency leads to increased oxidative stress (Wu, Steffen and Eide 2009; Eide 2011 ), but Saccharomyces cerevisiae reacts different to mammalian cells because total glutathione levels under zinc deficiency are increasing and not depleted. However, it is known that the transcriptional activator Yap1p is necessary for growth under low zinc conditions and that it regulates the transcription of glutathione biosynthesis genes (Sugiyama, Izawa and Inoue 2000; North et al. 2012; Orumets et al. 2012) . Nevertheless, it is not clear to which extent the transcriptional activator Zap1p is involved into the glutathione metabolism under low zinc conditions. First, we analyzed the impact of low zinc conditions on the total glutathione content in two different strain backgrounds. Those two strains were the lab strain BY4741, derived from the reference genome strain S288C, and a diploid wild-type strain A4 (Patzschke et al. 2015) . The latter being known for its higher glutathione accumulation ability compared to the strain BY4741. Both strains were investigated under low (0.1 or 1 μM Zn), standard medium (6 μM Zn) and elevated (1 or 6 mM Zn) zinc conditions. In both strains, low zinc levels in the medium led to a significantly increased intracellular glutathione content compared to higher zinc levels (Fig. 1) . In case of strain A4, the lowest zinc concentration of 1 μM doubled the intracellular glutathione content compared to standard conditions. In the case of the lab strain BY 4741, this effect was also observed, but at lower zinc concentrations (0.1 μM). These results are in agreement with the results from Wu et al. (2007) , which used another yeast strain namely DY1457. Only zinc deficiency has an impact on glutathione content, neither a deficiency of iron nor copper has a significant influence on the glutathione content of the cell (data not shown).
Zap1 is not necessary for the intracellular upregulation of glutathione levels
The zinc transport and homeostasis in S. cerevisiae is mainly regulated by the transcription factor Zap1p (Zhao and Eide 1997; Lyons et al. 2000) . Zap1p induces more than 80 genes responsible for the uptake of zinc when the intracellular level is low. Now the question arises whether Zap1p also interferes with the glutathione formation under low zinc conditions. In order to answer this question, the glutathione amount was monitored in ZAP1 deletion strains of BY4741 and A4.
ZAP1 deleted strains do not grow in standard media (Zhao and Eide 1997) . The zinc concentration is too low to allow the uptake of sufficient zinc with non-specific transporters. Therefore, the zinc concentration has to be increased to allow the growth of the ZAP1 strain. The lowest zinc concentration allowing for growth of the strains A4 ZAP1 and BY4741 ZAP1 was 30 μM or 20 μM, respectively. As expected, after 48 h the biomass formation of the strains was significantly lower at these zinc concentrations. Strain A4 ZAP1 reached a biomass concentration of only 1.73 ± 0.06 g and strain BY4741 ZAP1 a biomass of 0.97 ± 0.02 g CDW per liter. The glutathione content was increased compared to the zinc-replete condition (50 μM) (Fig. 1A and B) . Increasing the zinc concentration up to 50 μM leads to a decline of the glutathione content down to the level of the parental strains ( Fig. 1A and B) . At the same condition, the growth defect of the deletion strains was restored and the strains reached a biomass of 9.42 ± 0.12 g CDW per liter for strain A4 ZAP1 and 2.06 ± 0.02 g CDW per liter for strain BY4741
ZAP1.
The results clearly show that the glutathione accumulation upon zinc depletion is also functional in absence of the Zap1p regulatory system. Leaving Yap1 as the main regulator of glutathione biosynthesis under low zinc concentrations.
Cells with a higher intracellular glutathione concentration accumulate high levels of PC 2
Glutathione is known to act as thiol buffer system in redox homeostasis. In Bacillus subtilis, another redox buffering agent was found (bacillithiol). Bacillithiol has a second function as zinc-binding agent and contributes to the metal homeostasis of this important trace metal (Ma et al. 2014) . This prompted us to test whether glutathione or linked metabolites like PCs also have an impact on the zinc buffering in yeast. PCs are cysteinerich peptides, which have the ability to chelate heavy metal ions. They are synthesized from glutathione, which is converted into (γ -glutamylcysteinyl) n -glycine (PC n ; n = 2-11 repeats). PCs are ubiquitous in plants. In S. cerevisiae, only PC 2 can be synthesized by the vacuolar serine carboxypeptidase PRC1 and YBR139W, which exhibit a PC synthase-like activity (Wünschmann et al. 2007 (Wünschmann et al. , 2010 .
In a previous work, we generated glutathione accumulation strains making use of a directed evolution approach starting from strain A4 (Patzschke et al. 2015) . The strains A4.19 and A4.19.13 reach glutathione levels of 4% and 6% per g CDW, respectively. First, we tested whether low zinc conditions can further increase the glutathione content as in the case of strain A4. In strain A4.19, a further increase up to 5.1% glutathione was detected (Fig. 2B) , whereas for the highest accumulation strain A4.19.13 no further increase in glutathione content was observed. In fact, the glutathione accumulation declined by about 1% to the control zinc condition (6 μM). In addition, this strain suffered from extremely slow growth, which might be an effect of the high glutathione content. Second, the total intracellular zinc content under normal and low zinc conditions was measured. Under normal zinc conditions, strain A4 and strain A4.19 had similar zinc content of about 420 nmol g CDW −1 , whereas Under low zinc conditions, the zinc concentration in all three strains was lower, which is not surprising as the medium concentration dropped by a factor of 6. The zinc concentration in strain A4 dropped by a factor of 4, whereas it dropped only by a factor of 2.3 in the strains A4.19 and A4.19.13. These results suggest that strains A4.19 and A4.19.13 have another zinc storage capacity than strain A4. Third, the PC 2 content was measured. Under normal zinc conditions, strain A4 had a mean PC 2 content of 2 nmol gCDW −1 , which increased to 64 nmol gCDW
under low zinc conditions (Fig. 2C) . Surprisingly, strains A4.19 and A4.19.13 showed significantly higher PC 2 levels, which reach up to 1075 nmol gCDW −1 in strain A4.19.13 under low zinc concentrations. In strain A4.19, a clear increase of PC 2 levels by a factor of 6.7 can be observed under low zinc conditions. In strain A4.19.13, low zinc conditions led only to a slight further increase by a factor of 1.5. Taken together, these data show that the zinc storage capacity is increased by the glutathione metabolism and by the formation of PC 2 as PCs were shown to be able to form stable complexes with different metal ions including zinc (Planquart et al. 2006; Serrano et al. 2006 Serrano et al. , 2015 .
Vacuolar free zinc levels are depleted in the presence of high PC 2 concentrations
In order to investigate the changed zinc storage capabilities in yeast cells, we visualized free zinc in the yeast cells making use of a fluorescent dye FluoZin-3. Cells of strains A4 and A4.19
were cultivated and stained with the zinc-specific dye FluoZin-3 (yielding a green fluorescence when bound to zinc) and a second dye FM4-64 to visualize the vacuole (yielding a red fluorescence). Both strains were cultivated under zinc standard (6 μM) conditions and analyzed in the exponential growth phase. The vacuole is the main storage of zinc in the cell (MacDiarmid, Milanick and Eide 2003; De Nicola and Walker 2009) . Strain A4 shows a typical localization pattern for zinc in the vacuole (Fig. 3) . Interestingly, in the glutathione and PC 2 accumulation strain A4.19, free zinc is hardly detectable in either the vacuole or in any other cellular compartment.
The total zinc content of the biomass is similar in both strains A4 and A4.19 under normal zinc conditions (Fig. 3) . However, the fluorescent images show that the available free zinc pool is clearly reduced. The fluorescent dye FluoZin-3 has a high affinity towards zinc (K d = 15 nM) and it is possible to detect free zinc in strain A4. Taken together, the data strengthen the hypothesis that zinc is tightly bound in the vacuole by PC 2 . It is not surprising that PC 2 is located in the vacuole as also the proteins necessary for the biosynthesis of PC 2 (Prc1p and YBR139Wp) are located in the vacuole (Huh et al. 2003) . Interestingly, PRC1 and thus the biosynthesis of PC is a target of the zinc-responsive regulator Zap1p. Taken together, our results strongly suggest that glutathione metabolism and PC play important roles in the process termed muffling. 'Muffling' includes the regulation of intracellular free zinc by controlling a combination of zinc uptake, zinc efflux, organelle compartmentalization (in eukaryotes) and zinc buffering' (Eide 2014) . In particular, the mechanisms required for zinc buffering need further investigation. In recent years, a glutathione analog, bacillithiol, was found to serve as an important zinc buffer in B. subtilis (Ma et al. 2014) . In this paper, we show that PC levels are affected by different zinc conditions and have an impact on the intracellular free zinc availability. Of particular interest is the dynamic range of the PC 2 levels found in the different strains under normal and zinc limited conditions, which differ by almost three orders of magnitude (Fig. 2C) . Further work can now reveal how zinc storage is organized in detail by PC and how, for instance, PC is transported and distributed throughout the cells.
CONCLUSIONS
An increase in glutathione concentration is observed under low zinc conditions, which can be explained by a Yap1p-dependent response to low zinc conditions and thus to the formation of reactive oxygen species. Yap1p is known for being able to regulate the induction of the glutathione biosynthesis. In this work, it has been shown that the transcription factor Zap1 does not regulate the formation and accumulation of glutathione under these conditions. We found another connection between the glutathione and zinc metabolism. Glutathione serves as a precursor for the formation of PC. Under low zinc conditions, high levels of PC 2 are formed in the yeast cell and a high glutathione accumulation phenotype further increases this effect. The intracellular zinc storage in the vacuole is affected by the accumulation of glutathione and PC 2 . Thus, glutathione metabolism has at least two functional roles during low zinc conditions: on the one hand, to serve as a redox buffer and to mitigate the oxidative stress and, on the other hand, to provide a zinc buffering agent in the form of PC.
